‘1 remote sensing

Article

A New Algorithm for the Global-Scale Quantification of Volcanic
SO, Exploiting the Sentinel-5P TROPOMI and Google

Earth Engine

Maddalena Dozzo 1210, Alessandro Aiuppa 2(”, Giuseppe Bilotta 1(©/, Annalisa Cappello !

check for
updates

Academic Editor: Gianluca Groppelli

Received: 15 November 2024
Revised: 15 January 2025
Accepted: 27 January 2025
Published: 5 February 2025

Citation: Dozzo, M.; Aiuppa, A.;
Bilotta, G.; Cappello, A.; Ganci, G. A
New Algorithm for the Global-Scale
Quantification of Volcanic SO,
Exploiting the Sentinel-5P TROPOMI

and Google Earth Engine. Remote Sens.

2025,17,534. https://doi.org/
10.3390/rs17030534

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Gaetana Ganci 1'*

1 Istituto Nazionale di Geofisica e Vulcanologia, OE, 95125 Catania, CT, Italy; maddalena.dozzo@ingyv.it (M.D.);
giuseppe.bilotta@ingv.it (G.B.); annalisa.cappello@ingv.it (A.C.)

Dipartimento di Scienze della Terra e del Mare (DiSTeM), Universita degli Studi di Palermo,

90123 Palermo, PA, Italy; alessandro.aiuppa@unipa.it

Correspondence: gaetana.ganci@ingv.it

Abstract: Sulfur dioxide (50O5,) is sourced by degassing magma in the shallow crust; hence
its monitoring provides information on the rates of magma ascent in the feeding conduit
and the style and intensity of eruption, ultimately contributing to volcano monitoring
and hazard assessment. Here, we present a new algorithm to extract SO, data from the
TROPOMI imaging spectrometer aboard the Sentinel-5 Precursor satellite, which delivers
atmospheric column measurements of sulfur dioxide and other gases with an unprece-
dented spatial resolution and daily revisit time. Specifically, we automatically extract
the volcanic clouds by introducing a two-step approach. Firstly, we used the Simple
Non-Iterative Clustering segmentation method, which is an object-based image analysis
approach; secondly, the K-means unsupervised machine learning technique is applied to
the segmented images, allowing a further and better clustering to distinguish the SO,. We
implemented this algorithm in the open-source Google Earth Engine computing platform,
which provides TROPOMI imagery collection adjusted in terms of quality parameters. As
case studies, we chose three volcanoes: Mount Etna (Italy), Taal (Philippines) and Sangay
(Ecuador); we calculated sulfur dioxide mass values from 2018 to date, focusing on a few
paroxysmal events. Our results are compared with data available in the literature and with
Level 2 TROPOMI imagery, where a mask is provided to identify SO,, finding an optimal
agreement. This work paves the way to the release of SO, flux time series with reduced
delay and improved calculation time, hence contributing to a rapid response to volcanic
unrest/eruption at volcanoes worldwide.

Keywords: clustering analysis; Google Earth Engine; K-means algorithm; Sentinel-5P;
sulfur dioxide; volcanic eruption

1. Introduction

Sulfur dioxide (S0O,) is released into the atmosphere both from anthropogenic and
natural (mainly volcanic) activities [1,2], altering air quality [3—6], local ecosystems [7-10]
and affecting human and animal health [11-13].

Anthropogenic SO, may result from coal-burning power plants, oil refineries and
smelters [14,15], whereas volcanic sulfur dioxide is emitted from the degassing of magma in
the mid /upper crust and represents the most abundant gas, after water vapor and carbon
dioxide [2,16,17].

The injection of SO, into the upper-troposphere and lower-stratosphere can also lead
to significant changes in the global climate, since this gas rapidly oxidizes into sulfuric
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acid and sulfate aerosols, with a subsequent general lowering of temperatures in the years
following an eruption [18-22].

Sulfur dioxide is released from magma at relatively shallow depth, making it the most
suitable gas for monitoring volcanic activity dynamics through remote sensing techniques.
Measuring volcanic SO, flux is of vital importance for volcano monitoring, understanding
the processes that may lead to an eruption [2,17] and tracking the progression of an ongoing
eruption [23], either as a proxy for the eruption rate [24] or evaluating the endogenous
growth of a lava flow field [25]. SO, mass fluxes reflect the dynamics of the magma and
the processes of decompression and crystallization, providing information on the depth
of gas—-magma separation, on the structure of the conduit and on the permeability and
pressure of the magma, as well as on the eruptive style and explosiveness [17,26-31].

SO; can also be considered a proxy for magma effusive rate when thermal anomalies
are not quantifiable because they are covered by the volcanic plume [32]. Therefore, the
estimation of SO, emissions can play a crucial role in volcanic monitoring to evaluate
hazards and mitigate the associated risk.

SO, emissions can be monitored from the ground using networks of UV-DOAS in-
struments installed close to volcanic sources, e.g., [33]. However, only a small number of
active volcanoes are equipped with ground monitoring systems, primarily due to limited
resources [34]. Additionally, the perspective from ground-based instruments provides
a restricted view of the plume. As a result, during heightened volcanic activity, ground
sensors may become less reliable or fail altogether, especially near the source where a
high concentration of ash and aerosols can obscure the plume, e.g., [35,36]. In this regard,
satellites represent a helpful tool to monitor global SO, emissions and assess their environ-
mental impacts. Sulfur dioxide is estimated from satellites using Vertical Column Densities
(VCDs), which represent the total number of molecules in a vertical column per unit area.
The most widespread algorithm for obtaining VCDs is based on the differential optical
absorption spectroscopy (DOAS; [37]) technique, in which a spectral analysis provides
the densities of the inclined column of SO, (or other gases) (SCDs), corrected through an
empirical method to then be converted into vertical column densities through the radiative
transfer calculation of Air Mass Factors (AMFs).

Since the late nineteen-seventies, due to its strong absorption of UV radiation, SO,
VCDs have been provided by several ultraviolet (UV) polar-orbiting nadir instruments,
namely, the Total Ozone Monitoring Spectrometer (TOMS; [38]), Global Ozone Monitoring
Experiment (GOME; [39,40]), SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY (SCIAMACHY; [41-43]), Ozone Monitoring Instrument (OMI; [44—47]),
Global Ozone Monitoring Experiment-2 (GOME-2; [48-50]), Ozone Mapping and Profiler
Suite (OMPS; [51,52]) and TROPOspheric Monitoring Instrument (TROPOMI; [53]).

Satellite SO, measurements with sufficient spatial resolution to detect hundreds of
SO, emission sources began with the OMI instrument on NASA’s Earth Observing System
(EOS) Aura spacecraft [54] in 2004. OMI offers a spatial resolution of 13 km x 24 km at
nadir and can generate daily, nearly global maps of SO, VCDs [46,55]. The most recent
instrument (TROPOMI), launched in 2017 on the ESA Copernicus Sentinel-5 Precursor
spacecraft [56], provides the highest spatial resolution (5.5 km x 3.5 km at nadir) among all
hyperspectral sensors and is capable of delivering daily near-global coverage [57,58].

Since the launch of the Sentinel-5P satellite in October 2017, several applications have
been made for monitoring volcanic gases (e.g., [53,59-69]). These studies have, for example,
exploited the retrieved vertical column density (VCD) of SO, to generate time—flux series for
both short- and long-term degassing and explosive events [53,62,63,66-69] or assimilated
50; retrieval to plume trajectory forecasting [61]. A few attempts have been also made to
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apply Artificial Intelligence to the automatic detection of SO, [70] or to retrieve the volcanic
source from the plume shape where different volcanoes exist [71].

Here, we present a new method to calculate SO, mass, exploiting Artificial Intelligence
(AI) and the open-source Google Earth Engine (GEE) cloud computing platform, which
uses a JavaScript programming language and contains the collection of TROPOMI imagery
from 2018 to date, with a global coverage. We developed a programming code to rapidly
and automatically extrapolate this information, exploiting the combination of segmentation
and clustering techniques, which allow us to obtain a result in a short time and which is
applicable on a global scale.

The benefit of using GEE is closely connected to the possibility of managing a huge
amount of data, obtaining a result in a very short time. Indeed, different from the classic
uses of TROPOMI data, it is not necessary here to carry out time-consuming procedures,
such as the download of the data and the subsequent pre-processing to check their quality.

GEE provides a gridded Level 3 (L3) TROPOMI product, available only in this platform
and created by aggregating and interpolating geophysical parameters from Level 2 (L2)
data onto a regular spatio-temporal grid, which ensures uniform spacing. This last product
is derived directly from the raw measurements (Level 0 data), which are calibrated and
georeferenced. The rationale for our method arises from the fact that a mask for the
detection of sulfur dioxide is lacking in the L3; moreover, the calculation of the total mass
of SO, by applying a simple fixed threshold directly to the TROPOMI L3 product does not
allow obtaining optimal results for different cases [72].

To demonstrate our approach, we report a few examples where the total SO, VCD
data were calculated on three open-vent volcanoes and compared with results obtained
using the detection mask in the Level 2 (L2) TROPOMI product. In particular, we analyze
(i) different paroxysmal events occurring at Mount Etna, one of the most active volcanoes in
the world [1,26,73], typically emitting from the summit open vents 500 to 5000 tons of sulfur
dioxide/daily and for which a lot of ground and satellite data are available for comparison;
(ii) the explosive activity of Taal volcano (Philippines), one of the most dangerous active
volcanoes in the world, which has produced thirty-four historical eruptions over the last
two centuries [74,75] and (iii) a few of the strongest eruptive events occurring at Sangay,
located in the southwest part of Ecuador [76-78].

2. Materials and Methods

Sentinel-5P is a sun-synchronous, quasi-polar satellite in low-Earth orbit at an altitude
of 824 km (824 km) that provides near-complete daily coverage of the Earth’s surface. It
has a swath of 2600 km and an orbital cycle lasting 16 days, completing 14 orbits per day
and approximately 227 orbits per cycle. The TROPOMI instrument onboard collects data
across four spectral regions (ultraviolet, visible, near and short-wave infrared), enabling
the detection of SO, along with several other gases (O3, NO,, CO, CHy, and HCHO) and
aerosols [56]. The sensor’s pixel size near the nadir was 3.5 km (across-track) x 7 km
(along-track) for data acquired up to August 2019, which improved to 3.5km x 5.5km
for more recent images [79]. This satellite employs passive remote sensing techniques to
achieve its objective by measuring the solar radiation reflected by and emitted from the
Earth at the Top Of Atmosphere (TOA). The GEE platform provides two different Level 3
TROPOMI products, namely Sentinel-5P Offline Sulfur Dioxide (OFFL) and Sentinel-5P
Near-Real-Time Sulfur Dioxide (NRTI). This second product is designed for near-real-time
applications and remains available for 15-days after acquisition, after which it is merged
into and replaced by the OFFL product.

To obtain the Level 3 product, the original Sentinel-5P Level 2 data from the European
Space Agency is re-gridded and merged. The software package HARP (Harmonized
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Access to Remote Data for Processing) is used to merge and re-grid the data in order to
keep a single grid per orbit. HARP applies the “bin_spatial” operation, which spatially
averages pixel values between overlapping scenes for a given day of collection, effectively
combining multiple scenes into a single, consistent spatial grid. This ensures that the data
is harmonized into a global grid with a uniform spatial resolution. In addition to spatial
regridding, HARP performs data filtering based on quality assurance (QA) parameters.
The filtering process evaluates several factors, such as the presence of clouds, snow, or
ice on the surface, and removes low-quality pixels to enhance the reliability of the final
dataset. Specific filtering criteria are applied depending on the atmospheric product,
ensuring that only high-confidence observations contribute to the Level 3 output. After
the data is harmonized using HARP, OptimizeRasters, a tool designed to streamline large
geospatial datasets, is used to convert the processed data into a Cloud Optimized GeoTIFF
(COG) format. The COG format enhances accessibility and performance for cloud-based
applications, making the Level 3 product suitable for rapid retrieval and analysis. This
process results in a high-resolution dataset with a native spatial resolution of approximately
0.1° x 0.1° (https:/ /www.arcgis.com/home/item.html?id=a55b4201015d426e845789b6
7eflabl15, accessed on 1 September 2024). The Level 3 data are further refined through
robust QA adjustments, taking into account multiple quality parameters. These adjustments
include the exclusion of unreliable pixels caused by atmospheric obstructions, such as thick
cloud cover, or challenging surface conditions, like snow and ice. The integration of these
quality controls ensures that the final dataset provides accurate and reliable information for
various applications in atmospheric science, environmental monitoring and policymaking.
The correction is made to satisfy all the following criteria, as recommended by the Mission
Performance Center experts, who are responsible for ensuring that the products derived
from satellite data meet the required quality standards (this includes monitoring mission
performance, instrument calibration, validation of scientific products and implementing
corrections or improvements necessary to maintain data reliability), and by the Sentinel-
5P Validation Team (https:/ /sentinel.esa.int/documents /247904 /3541451 / Sentinel-5P-
Sulphur-Dioxide-Readme.pdf, accessed on 1 September 2024):

-snow_ice < 0.5

-sulfurdioxide_total_air_mass_factor_polluted > 0.1

-sulfurdioxide_total vertical_column > —0.001 mol/m?

-qa_value > 0.5 (a continuous quality indicator ranging from 0, representing a processing
error, to 1 (or 100%), which denotes optimal quality)

-cloud_fraction_crb < 0.3 (a dimensionless parameter representing the intensity-weighted
cloud fraction, calculated as the ratio of vertical column densities in clear-sky versus
clouding conditions, ranging from 0 for clear skies to 1 for fully cloudy conditions [51].
-solar_zenith_angle < 60°

Negative vertical column values are frequently observed in clean regions or areas with
low SO, emissions due to data noise. It is recommended not to filter these values except
for outliers, especially for vertical columns below —0.001 mol/m?.

The methodology developed for processing Sentinel-5P TROPOMI imagery is illus-
trated in the flowchart of Figure 1.

For this study, we exploit the offline product, which is better than NRTI since it
contains fewer data gaps and missing values thanks to the more thorough processing,
which is particularly important for applications that require complete time series. The
OFFL assets contain data from a single orbit (with data only for a single hemisphere due to
half of the Earth being dark).
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Figure 1. Flowchart with the main steps of the methodology: Sentinel-5P Offline/Level 3 Product
PS imagery and the geometry outlined around the volcano represent the data input; dark green
rectangles report the main processing steps (wWhere GEE stands for Google Earth Engine and SNIC for
Simple Non-Iterative Clustering), while the red parallelogram represents the output to highlight the
pixels contaminated by SO, within those classes with a density higher than the selected threshold, Th.

GEE provides two different products for the calculation of the SO, vertical column
density, which is calculated using the DOAS technique, retrieved assuming a plume center-
of-mass at ground level and 15 km altitude. The layer at 7 km lacks here, not allowing us
to interpolate to the “true” SO, plume height. In this regard, we exploited the product
at 15 km (the “SO,_column_number_density_15 km” on GEE), providing SO, integrated
column density values in molar concentrations (mol/m?), which can also be expressed in
Dobson Units (DU), where 1 DU = 2.69 x 1016 molecules/cm?, and indicate the number of
SO, molecules in an atmospheric column per unit area. This product allowed us to study
those eruptive events where the eruptive column reached several km above the vent.

To highlight those pixels contaminated by SO,, avoiding the inclusion of noisy artifacts
in the analysis, which show higher SO, VCD values than pixels actually within the plume,
two different clustering techniques were applied to pixels contained within a geometry
centered on the volcano that was large enough to include most of the volcanic plume. First,
we applied to Sentinel-5P Offline Sulfur Dioxide image collection a Simple Non-Iterative
Clustering (SNIC) algorithm segmentation and then a k-means unsupervised classifier,
which therefore does not require data labeling. This two-step approach for object-based
image analysis is meant to better characterize the sulfur dioxide, avoiding considering the
noise that could derive, for example, from the sensor instrumentation onboard the satellites
or from the light and atmospheric conditions [80].

Image segmentation is a technique that partitions an image into multiple segments.
Research has shown that segmentation methods like Multi-Resolution Segmentation (MRS),
Simple Linear Iterative Clustering (SLIC) and Simple Non-Iterative Clustering (SNIC)
provide an innovative and evolving approach, particularly for high-resolution remote
sensing images, surpassing traditional pixel-based classification methods [81-85]. Some
recent studies have demonstrated how the combination of segmentation and classification
techniques allows achieving higher accuracy than pixel-based classification algorithms,
together with significantly reducing processing time [86]. Based on the segmentation
outcomes, image segmentation can be categorized into two types, one focuses on delin-
eating field boundaries [87,88], while the other simplifies the image into small clusters of
connected pixels with similar properties, known as objects or superpixels [82,89,90]. Due
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to its simplicity and efficiency, superpixel segmentation has garnered increased attention
recently [83,84,91]. SNIC, an advanced superpixel segmentation algorithm developed
from SLIC, offers benefits such as lower memory usage and higher processing speed since
it is non-iterative. SNIC’s effectiveness as a preprocessing algorithm is attributed to its
simplicity, computational efficiency and its capability to produce superpixels that exhibit
good boundary adherence and limited adjacency [89]. It has demonstrated significant
potential in applications such as land use-land cover classification [92,93], hyperspectral
data classification [94], crop mapping [95,96] and wetland inventory [97].

The SNIC algorithm begins by placing K initial centroids on a regular grid within the
image plane. Each centroid is associated with an element that comprises spatial position,
superpixel label and the distance from the superpixel centroid to the candidate pixel [94].
These elements are then added to a priority queue Q. The algorithm continuously processes
the element with the smallest distance from the queue. For each neighboring pixel of the
processed element, if the pixel has not been labeled, a new element is created with the
distance and label of the connected centroid and then added to the queue. As new elements
are added, the corresponding centroid values are updated in real time. The algorithm
continues this process until all image pixels are labeled and the priority queue is empty, at
which point the SNIC algorithm concludes [89]. SNIC identifies the objects (clusters) based
on the specified input parameters and produces a multi-band raster. This raster includes
the cluster assignments as well as additional layers containing the average values of the
input features.

It requires setting some key parameters: the “compactness factor”, which affects the
shape of the clusters (larger values result in more compact clusters); the “connectivity”
(having a value of 4 or 8), which refers to the internal cohesion of superpixels; and the
“neighborhoodSize”, namely the target dimension of each superpixel in terms of pixel
number, which is relevant to avoid tile boundary artifacts. Changing each parameter
individually is essential to be able to learn what characteristics of the SNIC clustering
they control. To assign key parameters, we used a trial-and-error approach, a commonly
accepted method for the SNIC [98,99], searching for values that are usually considered for
this segmentation technique and adjusting them for our purpose on the basis of visual
results inspection and the specific characteristics of the image (mainly the spatial resolution).

In our application, we set the compactness at 20, the connectivity at 4 and the neigh-
borhood size at 20 (Figure 2), finding in these values the best configuration for our purpose.
Indeed, regarding the compactness, a value of 20 is adapted to balance the compactness of
the superpixels with the need to preserve image details. A value of 4 for the connectivity
allows us to obtain a well-structured segmentation, being at the same time simpler and less
computationally expensive than 8-connectivity.

Finally, we assigned 20 as the neighborhood size to avoid dividing the image into
excessively small superpixels. It is worth noting that the key parameters for the SNIC
algorithm were also based on the visual assessment of the k-means output, which varies
greatly depending on the chosen values.

The k-means unsupervised machine learning technique was then applied on the
segmented images to group all pixels of each cluster, defined as a single point, to have
the same class. This allowed us to improve our classification, shifting from a pixel-based
approach to one that reveals clear and distinct objects in the landscape. Indeed, applying the
k-means on superpixels allows us to refine the segmentation, focusing on the internal details
of the regions defined by SNIC. Moreover, preliminary segmentation with SNIC followed
by k-means on superpixels makes imagery easier to process, reducing computational
complexity, as the number of regions is reduced compared to the original image.
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Figure 2. Example of the Simple Non-Iterative Clustering algorithm applied on the Sentinel-5P
Offline SO, product of 2 June 2021 for Mt. Etna (Italy).

K-means is a numerical, unsupervised, non-deterministic, iterative method. Its sim-
plicity and speed make it highly effective in many practical applications, often yielding
good clustering results. The algorithm operates in two distinct phases. In the first phase,
k centers are randomly initialized, with the value of k set by the user. In the subsequent
phase, each data point is assigned to the nearest center, typically determined using the
Euclidean distance [100]. Once all data objects are assigned to clusters, an initial group-
ing is formed and the average of these clusters is recalculated. This iterative process
repeats until the criterion function reaches its minimum. The k-means clustering algorithm
always converges to a local minimum. Before convergence, distance calculations and
cluster center updates occur through several loop iterations, with the number of k-means
iterations denoted by the positive integer t. The exact value of t depends on the initial
positions of the cluster centers [101]. For our purposes, we chose a number of clusters (or
classes) equal to 10, so as to obtain a detailed classification based on the SO, concentration.
Figure 3 reports the Sentinel-5P TROPOMI product available on the Copernicus browser
(https:/ /browser.dataspace.copernicus.eu, accessed on 1 September 2024) for Mt. Etna
for 2 June 2021 (characterized by a paroxysmal event) (Figure 3a), with the associated
classification results after the application of the SNIC and k-means techniques (Figure 3b).

The volcanic plume is obtained by selecting the classes with a higher SO, density,
defined as the ratio between the total mass value of SO, (given by the sum of the SO,
values of each pixel for each class) and the relative number of pixels contained in each
class. In this way, we were able to calculate the sulfur dioxide total mass value considering
only the pixel within the volcanic plume. In particular, we considered a density threshold
equal to 0.00028 mol/m?, at which we found an optimal value for all the eruptive events
analyzed to distinguish the pixels contaminated by SO,; in this way, the plume consists of
a few continuous classes.

The Level 3 TROPOMI product does not contain a mask for the identification of
the pixels contaminated by the SO,, which is available for the Level 2 product. In this
regard, we exploited this product for a comparison, importing it into Matlab as a netCDF-4
format (.nc), which is freely obtained via the ESA-Copernicus Sentinel-5P Pre Operation
Data-Hub and generated within the Copernicus ground system (https:/ /sentinel.esa.int/
documents /247904 /3541451 / Sentinel-5P-Sulphur-Dioxide-Readme.pdf (accessed on 1
September 2024)). L2 products are derived from Level 0 raw data that are calibrated and
georeferenced and then processed to Level 1, including radiance and irradiance. Finally, L2
products containing SO, concentrations are extracted from the ultraviolet (UV) spectrum
using algorithms based on differential optical absorption spectroscopy (DOAS), employing
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a combination of three fitting windows: 312-326, 325-335 or 360-390 nm [51]. To select only
pixels containing SO,, users must filter pixels using “sulfurdioxide_detection_flag” > 0.
This flag identifies pixels with a high SO, concentration [102], assigning values as follows:
0 for no detection, 1 for SO, detection, 2 for clear volcanic detection, 3 for detection close to
a known anthropogenic source or 4 for detection at a high solar zenith angle, which may
indicate a potential false positive. By summing the pixels of the volcanic SO, detection
mask and using the vertical column density (in our case at 15 km), the total mass of volcanic
S50, plumes in the image can be estimated [103].

Class 0 (0.000027,
Class 1(0.000095

&l cClass 2(0.000110)
. l Class 3 (0.000170)
. Class 4 (0.000250) |
iy Class 5(0.000400)
(

(

(

(

)
).
)'-
)

Wl Class 6 0001100)'?'
;'. Class 7 0002200)
M Class 8 (0.004000)

L C]ass 9 0. 007200)‘

Figure 3. (a) Sentinel-5P TROPOMI product available on the Copernicus browser for Mt. Etna for 2
June 2021. (b) The same product after the application of the SNIC and k-means techniques, reporting

in the legend the 10 classes (with the relative density values in brackets). In the top right inset
the resulting plume is highlighted, while in the bottom right inset the map of Italy with the area
considered for the calculation framed in white is reported.

In this work, we focused on three different volcanoes: Mt. Etna (Italy), Sangay
(Ecuador) and Taal (Philippines). We analyzed four eruptive events for each volcano that
occurred near the passage of the TROPOMI satellite and reached several km above the vent.

Mt. Etna consistently exhibits persistent degassing, primarily maintained by the
passive release of gas from shallow convecting magma [26]. This typically includes mild
intra-crater Strombolian explosive activity. However, this routine activity is often inter-
rupted by effusive eruptions [104-107] and occasionally by violent paroxysmal explosive
events [108]. For this volcano, we considered the paroxysmal events that occurred on 19
April 2020, 1 April 2021, 2 June 2021, and 20 July 2021.

Sangay is a strato-volcano located on the upper eastern flank of the Eastern Cordillera
of Ecuador and is one of the most active volcanoes in the world, with nearly continuous
activity since 1628 [109,110]. The volcano has been under instrumental monitoring by the
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Instituto Geofisico of the Escuela Politécnica Nacional since 2013. In May 2019, the volcano
entered a new eruptive phase, which has been classified as the most intense eruption in the
last six decades [78]. However, ground-based monitoring at Sangay is limited due to its
remote location, making access challenging and the installation of instruments extremely
difficult. Additionally, real-time data transmission is only possible via satellite link. Due
to these challenges, satellite-based monitoring of Sangay is crucial for hazard assessment.
For this volcano, the eruptive events that occurred on 20 September 2020, 11 March 2021,
7 May 2021 and 16 May 2021 were considered.

Taal volcano, located in Batangas, is a caldera system and one of the most active
volcanoes in the Philippines. It has experienced approximately 35 recorded eruptions since
3580 BCE, ranging from VEI 1 to 6, the majority being VEI 2. The caldera contains a lake
with an island that also has a lake within the Main Crater. The first activity was registered
in 1572. One of the most significant eruptions occurred on 12-13 January 2020, 43 years
after its previous eruption in 1977, when the volcano spewed an ash column exceeding
1 km in thickness, then increasing in intensity and generating a 10-15 km tall steam-laden
tephra column [111]. We took into account the eruptions that occurred at Taal volcano on
12-13 January 2020, 1 July 2021, 26 March 2022 and 12 April 2024.

3. Results

We report here the time series related to the total SO, mass for the three cases of study,
showing a time window of one or two years for each volcano. In Figure 4 are reported the
values, expressed in kilotons (kton), calculated for Mt. Etna from January 2020 to December
2021, in which the volcano produced several lava fountaining episodes.
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Figure 4. SO, total mass time series calculated for Mt. Etna, expressed in kton. The red arrows
indicate the events analyzed in more detail.

Several peaks are visible, especially in 2021, when different paroxysmal events oc-
curred sometimes many times a day, producing high eruptive columns and tons of SO,, as
reported in the INGV-OE bulletins (www.ct.ingv.it; accessed on 1 September 2024), where
the SO, flux is measured by the ground-based FLAME network [112].

During the first months of 2020, the eruptive activity of Mt. Etna was sporadic, with a
few strombolian episodes often associated with the highest values of SO, total mass. In
the period between the beginning of April and the first half of May, many values around
zero are visible in Figure 4, corresponding to a period of poor degassing for Mt. Etna. The
activity resumed in August 2020, when two paroxysmal events occurred on 21 and 22
December 2020. The highest value in this time series corresponds to the event of 23 October
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2021, when the eruptive column reached 10 km high, producing a SO, total mass value
equal to 22 kton.

Four different eruptive events, for which we have an almost simultaneous passage
of TROPOMI, are highlighted in Figure 4. For these scenes, we report the comparison
of our results with the Level 2 data, where the pixels contaminated by SO, are isolated,
considering a detection flag > 0 (see Figure 5).

19 April 2020 1 April 2021 | = 07:40 UTC
| = Level-2 = | evel-2 A
= Level-3 m— i Level-3
P

2 June 2021 (UHIVAOSN®R |20 July 2021 ’ 07:20 UTC
mLevel-2 ’ 0 75 1s0km fi™=Level2 0 100 200 km
Hm Level-3 — m Level-3 — )

Figure 5. Volcanic SO, plume calculated around Mt. Etna during the paroxysmal events of (a) 19
April 2020 (started at 06:30 UTC), (b) 1 April 2021 (started at 07:40 UTC), (c) 2 June 2021 (started at
8:00 UTC) and (d) 20 July 2021 (started at 07:20 UTC). Shown in red is the plume derived from the
Level 2 product, where a detection flag > 0 is applied, and in green is reported the result we obtained

on GEE, exploiting the Level 3 product.

The episode on 19 April 2020 (Figure 5a) started at around 06:30 UTC, with Strombo-
lian activity at the New South-East Crater, which gradually evolved into a modest lava
fountain starting at 07:15 UTC. The activity occurred at one or two vents in the “Cono
della Sella” area, formed in the spring of 2017, and initially produced mild ash emissions
that progressively intensified from around 08:45 UTC. The eruptive activity generated
a plume that rose up to approximately 5 km above sea level, with the prevailing winds
driving it eastward. Ash fell on the volcano’s eastern slope, primarily in the Valle del Bove,
although lighter ash deposits were also reported in areas between Zafferana Etnea (on
the southeastern slope) and Linguaglossa (on the northeastern slope). From 09:55 UTC
onwards, the lava fountain activity gradually diminished until it ceased, and the significant
ash emission progressively subsided. In correspondence with this eruption, we calculated
a SO, total mass value of 0.40 kton, higher than the proximal values, which are all around
0, finding for example a mass of 0.068 kton on the date before the eruption. The detection
limit for SOy, in terms of the lowest concentration that can be reliably detected, is equal
to 0.0000124 kton (https:/ /sentiwiki.copernicus.eu, accessed on 1 September 2024). The
calculated area on Level 2 is equal to 8565 km?2, whereas on L3 it is 6513 km?2. We also
calculated the Jaccard index, given by the ratio between the intersection and the union of
the two areas, finding a value of 0.72.
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The activity on 1 April 2021 (Figure 5b), which had already begun at the end of March,
was characterized by the formation of a lava fountain, producing an ash cloud that, at
07:40 UTC, had exceeded a height of approximately 9000 m above sea level, dispersing in
the SSW direction. Here, we observed a value of 6.11 kton, whereas on the previous date
we found a value of 0.11 kton and on the following date 1.24 kton. We estimated an area of
55,153 km? for L2 and equal to 58,948 km? for Level 3. The index of fitness is 0.68.

On 2 June 2021 (Figure 5c), an eruption began in the early hours of the day with
Strombolian activity and developed into a robust lava fountain at the Southeast Crater
(SEC), producing ash plume extending up to approximately 5-10 km above sea level and
which dispersed in the east side. On this date, a value of 1.77 kton was calculated and the
areas are, respectively, 10,200 km? for Level 2 and 11,352 km? for L3. The Jaccard index for
this eruptive event is equal to 0.79.

The last eruption studied, where we found a value of 14.43 kton, refers to the activity
occurring on 20 July 2021 (Figure 5d) that affected the SEC and during which was produced
a lava fountain starting at 07:20 UTC. The products emitted were dispersed in the area
between the southern and eastern sides of the volcano. Level 2 covers an area of 40,532 km?,
whereas Level 3 has a surface of 42,877 km?. An index equal to 0.86 was calculated on
this date.

For the eruptive events analyzed here in detail, we found an optimal correlation and
fitting between the volcanic plume derived from the Level 2 products and the one calculated
on GEE, as can also be seen from Figure 5. In general, our product (green colored) covers a
larger area, mostly evident in the case study of 1 April 2021, where the fitness index is lower
than the one calculated for the other cases analyzed. The only exception is represented by
the event that occurred on 19 April 2020, where the plume from L2 covers a larger area.

Figure 6 shows the time series related to Sangay volcano, for which we reported the
period from May 2020 to May 2021, characterized by many intense eruptive events.
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Figure 6. SO, total mass time series calculated for Sangay volcano, expressed in kton. The red arrows
indicate the events analyzed in more detail.

Here, several peaks are also visible, and they are higher in 2021. We considered four
eruptive events (among the most energetic in these two years and indicated by the red
arrows in Figure 6), which are compared with the Level 2 product in Figure 7.
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20 September 2020 10:15 UTC 11 March 2021 11:20 UTC
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Figure 7. Volcanic SO, plume calculated for Sangay during the eruptive events of (a) 20 September
2020 (started at 10:15 UTC), (b) 11 March 2021 (started at 11:20 UTC), (c) 7 May 2021 (started at
08:20 UTC) and (d) 16 May 2021 (started at 10:20 UTC). In red, the plume derived from the Level 2
product, where a detection flag > 0 is applied; in green, the result we obtained on GEE, exploiting the
Level 3 product.

Even in this case we found a good agreement between the volcanic plume derived
from the Level 2 product and the one calculated with our method. As can be seen in
Figure 7c, the case of 7 May 2021 shows a SO, plume derived from GEE that is smaller than
the one derived from the Level 2 product.

The eruptive pulse on 20 September 2020, reported in Figure 7a, produced an eruptive
column that quickly split into two parts: a higher, gas-rich cloud that rose to 15.2 km above
sea level and moved east-southeast and a lower, ash-rich cloud at 12.2 km above sea level
that drifted west. This resulted in ash fallout extending up to 280 km from the volcano
(affecting the provinces of Chimborazo, Bolivar, Guayas and Los Rios). On this date, a
value of 0.63 kton of sulfur dioxide was calculated and we found areas of, respectively,
27,758 km? for Level 2 and 30,823 km? for Level 3. The Jaccard index for this eruptive event
is equal to 0.72.

The date 11 March 2021 (see Figure 7b) was characterized by a large explosion that
produced an ash plume reaching an altitude of 12.5 km. The eruption caused ash to spread
extensively, up to 100 km west of the summit. The ashfall impacted several areas, including
the Cantons of Guamote, Chambo, Riobamba, Penipe and Guano, with lighter ashfall
reported in Colta, Alausi and Macas. The eruption generated a large sulfur dioxide (5O,)
plume, which was detected by satellite instruments, highlighting the explosive nature of
the event (https://volcano.si.edu, accessed on 1 September 2024). The ash and debris flow
from the eruption also caused significant disruptions, including an overflow of the Upano
River dam due to mud and debris flows on 12 March. Volcanic activity continued, with
steam and gas emissions observed a few days later on 14 March. Corresponding with
this eruption, we calculated a SO, total mass value of 24.6 kton, which also represents the
highest value of the entire series. Level 2 covers an area of 160,601 km?2, whereas Level 3
has a surface of 178,034 km?. On this date, an index equal to 0.84 was calculated.
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On 7 May 2021 (Figure 7c), the volcano underwent another significant eruption, during
which an ash plume was reported to have reached up to 10.6 km in altitude. The ash cloud
extended approximately 100 km west-southwest from the summit, affecting various regions.
Significant ashfall was reported in several provinces, including Chimborazo, where it
impacted communities such as Cebadas, Palmira, Punin and Colta (https://volcano.si.edu,
accessed on 1 September 2024). Here, we calculated on GEE a value of 6 kton. We estimated
an area of 34,679 km? for L2 and one equal to 25,603 km? regarding our result. The index of
fitness is 0.71.

During the eruption of 16 May 2021 (Figure 7d), Sangay generated an ash plume that
reached an estimated height of 11.3 km above sea level and drifted 140 km to the north.
A lower-level plume also extended west-southwest, traveling 80 km from the summit at
an altitude of 6.4 km. The ash cloud had considerable impacts, with ashfall reported in
several provinces, including Chimborazo, Bolivar and Guayas, affecting agriculture in
those areas (https://volcano.si.edu, accessed on 1 September 2024). In correspondence
with this eruption, we calculated a SO, total mass value of 3.45 kton. The calculated area
on the Level 2 product is equal to 42,888 km?2, whereas on L3 it is 43,565 kmZ. The ratio
between the intersection and the union of the two areas is equal to 0.77 on this date.

Figure 8 shows the time series related to Taal volcano, for which we reported the
period from June 2021 to April 2022, characterized by several energetic eruptive events.
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Figure 8. SO, total mass time series calculated on Taal volcano, expressed in kton. The red arrows
indicate two of the four eruptive events analyzed in more detail, which are included in the selected
time window.

Here, the highest SO, total mass value is calculated on 15 March 2022, as can be seen
in Figure 8. On this date, a phreatomagmatic eruption produced an ash plume that rose
2400 m into the air, drifting southwest. This event was part of a series of similar eruptions
and ongoing volcanic activity observed at Taal during this period (https://volcano.si.edu,
accessed on 1 September 2024). We calculated a total sulfur dioxide mass of 1.6 kton in
correspondence with this eruptive event.

The four episodes studied in detail are reported in Figure 9, where the comparison
with the Level 2 product is performed.

First, we analyzed the 12-13 January 2020 eruption (Figure 9a) (not included in the
time window in Figure), which was one of the most violent eruptions registered. It began
on January 12 at 2:30 p.m. (local time) with an explosive event that produced a massive
plume of volcanic ash reaching up to 15 km into the atmosphere. The ash spread as far as
67 km south of Manila and extended to Quezon City, about 70 km away from Taal. The
eruption affected over 50,000 people, leading to the suspension of all flights at Manila
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International Airport and the evacuation of Taal Island and the surrounding provinces.
Within the first 24 h, the eruption triggered approximately 450 earthquakes, causing fissures
to open and the surrounding lake to recede [113]. In correspondence with this eruption, we
found a SO, total mass value of 170 kton, calculated on 13 January 2020. Level 2 covers an
area of about 1,120,722 km?, while the area resulting from GEE is equal to 1,460,524 km?2.
The index of fitness calculated is 0.72.

13 January 2020 06:30 UTC 1 July 2021 07:16 UTC

=Level-2 0 500 1.000km SLevele 0100 200 km)
i Level-3 — i Level-3 —

26 March 2022 o 12 April 2024 21:30 UTC

Zizss T :
Figure 9. Volcanic SO; plume calculated on Taal volcano during the eruptions of (a) 12-13 January
2020 (started on 12 January at 06:30 UTC), (b) 1 July 2021 (started at 07:16 UTC), (c) 25-26 March 2022

(started on 25 March at 23:22 UTC) and (d) 11-12 April 2024 (started on 11 April at 21:30 UTC). In red,
the plume derived from the Level 2 product, where a detection flag > 0 is applied: in green, the result

we obtained on GEE, exploiting the Level 3 product.

We then focused on the eruption of 1st July 2021 (Figure 9b), which at 03:16 p.m.
(local time) produced a dark gray phreatomagmatic plume that rose 1 km above the
lake and lasted for about 5 min, prompting PHIVOLCS to raise the Volcano Alert Level
from 2 to 3 (on a scale 0-5) at 03:37 p.m. (local time). The explosion followed strong
SO, emissions on 28 June and 1 July, with rates of 14,241 and 13,287 t/d, respectively.
Subsequent phreatomagmatic events, each lasting no more than two minutes, generated
jetted plumes reaching 200 m above the Main Crater Lake. Between 1 and 2 July, the seismic
network detected twenty-nine volcanic earthquakes, including one explosion, twenty-two
low-frequency earthquakes and two volcanic tremors (https://volcano.si.edu, accessed on
1 September 2024). Corresponding with this eruption, we found a SO, total mass value
of 0.8 kton. The calculated area on the Level 2 product is equal to 20,438 km?, whereas
on Level 3 it is 20,931 km?. The index given by the ratio between the intersection and the
union of the two areas is equal to 0.72.

The third eruption we considered was the one occurring on 25-26 March 2022
(Figure 9c¢), which consisted of a phreatomagmatic eruption that produced 66 explosions
and prompted PHIVOLCS to raise the Alert Level to 3. Eruption plumes rose as high
as 3 km. The National Disaster Risk Reduction and Management Council (NDRRMC)
reported that by 27 March 2961 people had been evacuated. Here, we calculated a SO, total
mass value equal to 0.82 kton, much higher than the near values, which were all around
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0. We measured an area of 13,600 km? on Level 2 and a surface of 14,212 km? on Level 3.
Corresponding with this eruption, an index equal to 0.85 was calculated.

Finally, we analyzed the eruption of 11-12 April 2024 (Figure 9d). On this date, Taal
volcano underwent a series of five phreatic eruptions. The first eruption occurred between
5:11 and 5:24 a.m., producing a steam-laden plume that rose approximately 2400 m into
the air and drifted southwest. Subsequent eruptions throughout the day, from 9:45 a.m.
to 3:22 p.m., generated plumes rising between 100 and 300 m. These eruptions originated
from a new vent on the southwest side of the main crater. A sixth phreatic eruption was
recorded on April 13, producing a steam plume that rose 600 m and drifted west-northwest
(https:/ /volcano.si.edu, accessed on 1 September 2024). On this date, we found a value of
0.36 kton. The calculated surface on the Level 2 product here is equal to 7644 km?, whereas
on Level 3 it is 11,642 km?. The index given by the ratio between the intersection and the
union of the two areas is equal to 0.53.

Also, in this case study there is an optimal correlation between the volcanic plume
derived from the Level 2 products and the one calculated on GEE. The plume resulting
from Level 3 is bigger in the four events; this is mostly evident on 12 April 2024 and on 13
January 2020, where, however, the Level 2 product results are truncated on the Copernicus
browser (https:/ /browser.dataspace.copernicus.eu, accessed on 1 September 2024).

4. Discussion

The continuous release of sulfur dioxide with volcanic origins into the atmosphere
is a source of danger, and its monitoring can be very useful for risk mitigation purposes.
The arrival of the TROPOMI sensor onboard the Sentinel-5P satellite has allowed the
identification of sulfur dioxide gas plumes with unprecedented resolution.

In this work, we implemented a new tool, exploiting the GEE Platform to have a
rapid response in terms of SO, total mass from 2018 (the first year in which the images
were available) to date, extrapolating a complete time series and characterizing eruption
days that show higher values. GEE allows us to perform computations on a massive scale,
making it easier to run large spatial analyses. The availability of the complete TROPOMI
collection significantly reduces elaboration times, since users do not need to download
the dataset or to install any software to perform the processing tasks. The need for a new
tool emerges from the fact that applying a fixed threshold to the L3 TROPOMI product
does not accurately represent the plume. The fixed threshold approach can indeed result in
excessive scattering in some instances, while in others, it only captures pixels with high
concentrations of SO,, thereby introducing errors of up to 100% in total mass estimations.
In contrast, the proposed method enhances plume continuity by firstly segmenting and
then clustering pixels with similar characteristics, thereby providing a more accurate
representation. Our method further reduces computational times due to the application of
GEE-embedded techniques, thus providing annual time series in a few minutes.

We also introduced a density threshold equal to 0.00028 mol/m?, defined as the ratio
between the total mass value of SO, (given by the sum of the SO, values of each pixel for
each class) and the relative number of pixels contained in each class, which was optimal for
highlighting SO,-contaminated pixels on all analyzed dates and for all case studies.

We apply our technique to Mount Etna (Italy), Sangay (Ecuador) and Taal (Philip-
pines), which are three highly active open-conduit volcanoes. In particular, we exploit
the TROPOMI Level 3 image collection available on GEE to compute the SO, total mass
associated with active volcanic fields on a global scale. With respect to the commonly
used Level 2 product, the Level 3 product does not have any mask for SO, identification;
moreovet, it is oversampled at 1 km and is available only at 0 and 15 km asl.
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To evaluate the quality of our results based on the Level 3 product, we performed
a comparison with the SO, mass data available from Level 2. In particular, we exploit
the open-access web app “SO; Flux Calculator” developed by Grandin et al. [72] (https:
/ /dataviz.icare.univ-lille.fr /so2-flux-calculator, accessed on 1 September 2024). To have an
effective comparison, the mass calculated at a 15 km height is considered within a radius
of 300 km around Mt. Etna and Sangay and 200 km around the Taal volcano, similar to
the areas defined on GEE for these three case studies. We selected those data with a solar
zenith angle < 60° and quality > 0.5, as for the Level 3 data on GEE (see Section 2). Figure 10
reports the histograms relating to the differences obtained comparing our results and those
provided by the platform for each volcano under study.
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Figure 10. Histograms representing the difference between SO, total mass (expressed in kton)
calculated on GEE and data from the “SO, Flux Calculator” application for Mt. Etna (a), Sangay (b)
and Taal volcano (c).

In general, there is a good agreement between our results and the Level 2 results for
the three volcanoes under investigation.

As for Mt. Etna (Figure 10a), we found that 90% of the data are between —0.06 and
+0.06 kton and 75% of the values are included in the interval from —0.02 to +0.02 kton. The
median is equal to —0.04 kton, the mean value corresponds to —0.25 kton and the standard
deviation was calculated as 1.02 kton.

The Sangay volcano (Figure 10b) shows that 90% of the values lie between —0.08 and
+0.08 kton, while the 75th percentile was calculated to be 0.04 kton. In this case, a median
of 0.0007 kton was calculated, the mean value is —0.05 kton and the standard deviation is
0.6 kton.

The Taal volcano (Figure 10c) represents the case study in which the lowest error was
found, with 90% of the data being between —0.02 and +0.02 kton and 75% of the values
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being in the window between —0.01 and +0.01 kton. The calculated median is —0.0034 kton,
the mean value is —0.02 kton and the standard deviation is 0.09 kton.

For all the cases, the median value of the difference is always below 0.04 kton; however,
the plume calculated on GEE is often slightly larger than that calculated with Level 2 data,
as can also be seen in the three left-skewed histograms.

In our case studies, the GEE product proved to be a solid choice for studying eruptive
plumes, since the three volcanoes under study generally produce high eruptive columns
(usually greater than 8 km a.s.l.) and can therefore be appreciated by exploiting the Level
3 product at 15 km. However, lower volcanic plumes could be inaccurately estimated on
GEE. This is because the Level 3 product available lacks the layer at 7 km usually provided
with Level 2 data. This problem should be overcome in the near future, when the 1 km
and 7 km altitude products, usually used for interpolation with the product at 15 km, will
be available.

Our method allows an easy and fast extrapolation of SO, data on an open-access
platform. Moreover, the wide availability of libraries on GEE, together with the values
of parameters provided in this work, make this method easy to apply, enabling users to
reduce the time processing of the images.

Compared to other approaches in which GEE has been used (e.g., [114,115]), this
method exploits Al techniques to more accurately identify the SO, cloud and derive the
total SO, mass. It also provides longer time series, which allows visualization of any
variations over time.

The tool we have implemented is a valid and accurate way to obtain data on the total
mass of SO;, reducing delays and improving calculation times. Furthermore, since GEE
contains the entire TROPOMI collection on a global scale, our method can be easily applied
to volcanoes all over the world, simply by varying the input geometry.
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